U4 snRNA is phylogenetically highly conserved and organized in several domains. To determine the function of each of the domains of human U4 snRNA in the multi-step process of snRNP and spliceosome assembly, we used reconstltutlon procedures In combination with snRNA mutagenesis. The highly conserved 5' terminal domain of U4 snRNA consists of the stem I and stem II regions that have been proposed to base pair with U6 snRNA, and the 5' stemloop structure. We found that each of these structural elements is essential for spliceosome assembly. However, only the stem II region is required for U4-U6 interaction, and none of these elements for Sm protein binding. In contrast, the 3' terminal domain of U4 snRNA containing the Sm binding site is dispensable for both U4-U6 interaction and spliceosome assembly. Our results support an organization of the U4 snRNP into multiple functional domains, each of which acts at distinct stages of snRNP and spliceosome assembly.
INTRODUCTION
A prerequisite for the pre-mRNA splicing reaction is the assembly of splicing complexes consisting of small nuclear ribonucleoproteins and additional proteins (for a recent review, see 1). The spliceosome is assembled through a multi-step process that requires the coordinate interactions of Ul, U2, U4AJ6, and U5 snRNPs with the pre-mRNA, each other, and protein splicing factors. In contrast to Ul and U2 snRNPs, which contact the pre-mRNA directly (reviewed in 2), U4/U6 and U5 snRNPs appear to be bound in the spliceosome in a more indirect manner (3) . Most likely, U4, U5, and U6 snRNAs enter the spliceosome in form of a U4/U5/U6 multi-snRNP (4, 5, 6) , to which the separate U4/6 and U5 snRNPs associate through an ATPdependent reaction (7) . There is evidence that after spliceosome assembly a major conformational change weakens the binding of U4 snRNA (4, 8, 9) although U4 snRNA remains associated with the spliceosome through both steps of the splicing reaction (10) . Thus it is apparent that of the spliceosomal snRNAs, U4, U5, and U6 snRNAs in particular engage in a multitude of interactions some of which may directly relate to the pre-mRNA splicing mechanism.
On the basis of a detailed phylogenetic study (11) , an extensive base pairing interaction has been proposed to join together U4 and U6 snRNAs in the U4/U6 snRNP. Chemical cross-linking experiments (12, 13, 14) and a mutational analysis of the U4-U6 interaction (15) confirm this current secondary structure model (see also Figure 1 ). U4 snRNA can be divided into a 5' terminal, a central, and a 3' terminal domain ( Figure 5 ). The 3' terminal and central domains contain the Sm binding site flanked by two stem-loops; the phylogenetically strongly conserved 5' terminal domain forms together with U6 snRNA a so-called Y structure organized in two U4-U6 intermolecular regions, stem I and stem II, separated by the intramolecular, 5' terminal stem-loop structure of U4 snRNA.
In spite of a wealth of information on snRNA secondary structure and sequence conservation we know very little about U4/U6 snRNP proteins. U4 snRNA provides the Sm binding site for the common core proteins (B'BDD'EFG; reviewed in 16). So far no U4AJ6 snRNP-specific proteins have been identified in mammalian cells (17) . In contrast to the U4/U6 snRNP, the U5 snRNP has a very complex composition: 7 specific polypeptides in addition to the Sm protein complex were detected in the purified mammalian U5 snRNP (18) .
Are U4 and U6 snRNAs held together only by base pairing; through what interactions do the U4/U6 and U5 snRNPs associate; and how is the U4/U5/U6 multi-snRNP complex integrated into the spliceosome? To address these questions and to delineate the functional domains of the human U4 snRNA, we are using in vitro snRNP reconstitution procedures in conjunction with U4 snRNA mutagenesis. We have previously reconstituted the U4/U6 snRNP in a functional form that assembles into splicing complexes (19) and used this approach to dissect the domain structure of human U6 snRNA (15) . Here we demonstrate that the entire 3' portion of human U4 snRNA including the Sm binding site is dispensable for spliceosome assembly. In contrast, all structural elements of the highly conserved 5' terminal domain are essential for spliceosome assembly. Only the stem II region is required for U4-U6 interaction. In sum, these results support an assembly model whereby each of the structural elements of U4 snRNA functions at distinct stages of snRNP formation and spliceosome assembly.
MATERIALS AND METHODS Plasmids and SP6 transcription SP6-U4
The 0.7 kb EcoRI-HindlH fragment of p21 (20) containing the human U4C gene was purified, partially digested with Alul, and the Alul-Alul-Hindm fragment with most of the U4 sequence purified. Two oligonucleotides, 5'-GCGAATTCATTTAGGTG-ACACTATAG-3' and kinased 5'-CTTCTATAGTGTCACC-3' were hybridized, filled-in with the Klenow fragment of DNA polymerase, and cut with EcoRI. These two fragments were ligated into the EcoRI-Hindm vector fragment of pUC13. The expected sequence of the GpppG-capped SP6-U4 RNA after Dral run-off transcription is: GpppGA/AGCU...U4 coding sequence...ACUG/AAUUUUU (note that the boundaries between the natural U4 snRNA sequence and additional nucleotides of the synthetic RNA are indicated by /).
SP6-U4-EMBL8(+)
The EcoRI-Hindm-HindlH fragment of SP6-U4 containing the SP6 promoter and the human U4 sequences was subcloned into the EcoRI-Hindm vector fragment of pEMBL8(+).
SP6-U4ASm
SP6-U4 was cut with EcoRI and partially with HindEQ. The EcoRI-HindlH-Hindlll fragment containing the SP6 promoter and the U4 sequences was purified and recut with NlaEn. The 116bp EcoRI-NlaEn fragment with the SP6 promoter and partial U4 sequences was cloned into the EcoRI-SphI vector fragment of pEMBL130.
SP6-U4AStemI
SP6-U4AStemI corresponds to SP6-U4 with the steml region (nucleotides 56-63 of U4 snRNA) deleted. SP6-U4AStemI was constructed by site-specific mutagenesis (21) using an oligonucleotide (5'-GGGGTATTGGGAAAAGTTTTCATAAT-CGCGCCTCGGATAAAACC-3') and SP6-U4-EMBL8(+).
SP6-U4AStemn
SP6-U4AStemH corresponds to SP6-U4 with the entire stem II region (nucleotides 1 -16 of U4 snRNA) deleted. The expected 5' terminal sequence of the GpppG-capped SP6-U4AStemII-RNA is: GpppG/AGUAUC...(the boundaries between the natural U4 snRNA sequence and additional nucleotides of the synthetic RNA indicated by /)• SP6-U4AStemII was constructed by PCR methodology. Using two oligonucleotides, 5'-GCGAATTCG-ATTTAGGTGACACTATAGAGTATCGTAGCCAATG-AGG-3' and the -48 reverse sequencing primer (5'-AGCGGATAACAATTTCACACAGGA-3\ New England Biolabs), and SP6-U4 as a template, the mutant U4 fragment was amplified. It was cut with EcoRI and Hindm and cloned into the EcoRI-Hindm vector fragment of pEMBL8(+).
SP6-U4AStemn/2
SP6-U4AStemII/2 corresponds to SP6-U4 with the 5' half of the stem II region (nucleotides 1-8 of U4 snRNA) deleted. The expected 5' terminal sequence of the GpppG-capped SP6-U4AStemII/2-RNA is: Gppp/GCAGUG.... (the boundaries between the natural U4 snRNA sequence and additional nucleotides of the synthetic RNA indicated by /). SP6-U4AStemII/2 was constructed as SP6-U4AStemII, but using oligonucleotides 5 '-GCGAATTCGATTTAGGTGACACTATA-GCAGTGGCAGTATCGTAGCCAATGAGG-3'and the -48 reverse sequencing primer (5'-AGCGGATAACAATTTCACA-CAGGA-3', New England Biolabs).
SP6-U4A5' stem-loop SP6-U4A5' stem-loop corresponds to SP6-U4 with the 5' stemloop region (nucleotides 19-55 of U4 snRNA) deleted so that there are two unpaired nucleotides left between stem I and stem II of each U4 and U6. The expected 5' terminal sequence of the GpppG-capped SP6-U4A5' stem-loop RNA is: GpppGA/AG CUUUGCGCAGUGGCAGUGCUAAUUGAAAA (note that the boundaries between the natural U4 snRNA sequence and additional nucleotides of the synthetic RNA indicated by /, the stem I and stem II regions by underlining). SP6-U4A5' stemloop was constructed by site-specific mutagenesis (Kunkel, 1985) using the oligonucleotide 5'-GGGAAAAGTTTTCAATTAGC-ACTGCCACTGCGCAAAGC-3' and SP6-U4 EMBL8(+).
SP6 transcriptions of the Dral-cut SP6-U4, SP6-U4AStemI, SP6-U4AStemII, and SP6-U4AStemII/2 templates and of the Xbal-cut SP6-U4ASm were done as described (3) . Biotinylated RNA was synthesized by including biotin-11-UTP (15 % of total UTP) in the transcription reaction. Other DNA templates have been previously described: SP6-U6 cut with BamHI (15) and MINX cut with Bgll (22) . All transcripts were capped with m 7 GpppG.
Immunoprecipitation analysis
High-specific activity 32 P-labeled SP6-U4 RNA and mutant derivatives were reconstituted in vitro to snRNPs in a reaction containing 60 % DE53 reconstitution extract (19), 3.2 mM MgCl 2 , 0.5 mM ATP, 20 mM creatine phosphate, 1.6 U/^l RNasIn, 32 P-labeled SP6-U4 RNA or mutant derivatives (5 ng/25 y\ reaction), and tRNA (400 /ig/ml). The reconstitution reaction was incubated at 30°C for 20 min and then at 37°C for 10 min. Of the total reconstitution reaction, 10% was used for RNA analysis (Total RNA, T lanes, Figure 2) , the rest for antiSm immunoprecipitation (23) . The immunoprecipitation efficiency was quantitated by Cerenkov counting of the RNA samples before gel electrophoresis.
Analysis of U4-U6 interaction
High-specific activity 32 P-labeled SP6-U4 RNA and mutant derivatives (200 ng/ml) were reconstituted in vitro to snRNPs as described above (immunoprecipitation analysis) except that unlabeled biotinylated SP6-U6 RNA was added (2 /tg/ml). The 25 /il-reaction was filled up to 250 /tl with washing buffer (20 mM Tris-HCl, pH 7.6, 400 mM KC1. 0.01 % Nonidet P40, 0.02 % sodium azide). Insoluble complexes were pelleted at 12,000 xg for 2 min at 4°C, and to the supernatant 50 /xl of a l:l-suspension of preblocked streptavidin agarose (BRL; Ref. 24) was added. Affinity selection of U4/U6 complexes was carried out at 4°C for 60 min with gentle agitation. After pelleting, the streptavidin agarose beads were washed three times with 1 ml each of NET-2 buffer (50 mM Tris-HCl, pH 7.9, 0.5 mM DTT, 0.05 % Nonidet P40). Labeled U4 RNAs were purified by a proteinase K treatment at 55°C, phenol/chloroform extraction, and ethanol precipitation, and analyzed on 8 % denaturing polyacrylamide gels (pelleted RNA, P lanes, Figure 2) . To compare the efficiencies of wild-type SP6-U4 and mutant derivatives to form U4/U6 complexes, one tenth of the total reaction was analyzed in parallel (total RNA, T lanes, Figure 2) . The efficiency of U4-U6 interaction was quantitated by Cerenkov counting of the RNA samples before gel electrophoresis. 
Analysis of spliceosome assembly
High specific activity 32 P-labeled SP6-U4 RNA and mutant derivatives (300 ng RNA; ca. 10 7 cpm//ig) and unlabeled SP6-U6 RNA (900 ng) were reconstituted in a 125 /il-reaction to U4/U6 snRNPs as described above (immunoprecipitation analysis). The reaction was diluted with one volume of buffer (10 mM HEPES, pH 8.0, 3 mM MgCl) and KC1 added to 100 mM. Reconstituted snRNPs were concentrated by pelleting in a Beckman TL-100 table-top ultracentrifuge (TL-100-2 rotor, 95,000 r.p.m., 2 hrs, 4°C). The pellet was dissolved in 15 /tl buffer D and mixed with an equal volume of nuclear extract (25) . Using this mixture at 60% and unlabeled MINX pre-mRNA (200 ng/25 /xl reaction), splicing complexes were formed for 40 min under the conditions of in vitro pre-mRNA splicing (26, 27) . After the addition of heparin to 1 mg/ml, the splicing reaction was diluted with one volume of buffer (60 mM KC1, 20 mM HEPES, pH8.0, 1 mM MgCy and applied on a 1 ml gradient (10-30 % glycerol in the same buffer. Glycerol gradient sedimentation was carried out in a Beckman TL-100 table-top ultracentrifuge (TLS 55 rotor, 55.000 r.p.m, 70 min, 4°Q. The glycerol gradient was collected in 100 /tl fractions from the top, and 40 /J aliquots of each fraction were analyzed by native RNP gel electrophoresis as described (28, 29) .
RESULTS

Mutational analysis of U4 and U4/U6 snRNP formation
To map U4 snRNA sequences required at the multiple stages of snRNP and spliceosome assembly we constructed a series of U4 derivatives (for a summary, see Figure 5 ). These U4 derivatives are deleted in RNA regions that form structural elements in the proposed secondary structure model (30) . SP6-U4ASm lacks the Sm binding site and the flanking central and 3' stem-loops. The deleted portion corresponds to the entire 3' terminal and part of the central domain (nucleotides 91 -145, Figure 1) . A number of deletion derivatives are missing structural elements of the 5' terminal domain: SP6-U4AstemI (nucleotides 56-63), SP6-U4AstemII (nucleotides 1-16), and SP6-U4AstemII/2 (nucleotides 1 -8) are missing parts of the U4 region proposed to base pair with U6 snRNA; in SP6-U4A5' stem-loop the 5' stem-loop structure (nucleotides 19-55) is deleted (Figure 1) .
Two assays were used to determine the reconstitution properties of U4 derivatives. First, by immunoprecipitation with anti-Sm antibodies we tested the U4 derivatives for the formation of the Sm core structure common to all spliceosomal snRNPs. Second, to determine the ability of U4 derivatives to interact with U6 snRNA, we devised a new assay. 32 P-labeled U4 derivatives are incubated under reconstitution conditions in the presence of biotinylated U6 snRNA. RNAs associated with U6 snRNA are then affinity-selected with streptavidin agarose, released by a heat treatment, and analyzed. The advantage of this assay lies in that it determines under these conditions the stability of the U4-U6 interaction and does not depend on the formation of a stable snRNP particle. Figure 2 shows that wild-type U4 snRNA (SP6-U4) and all derivatives with deletions in the 5' terminal domain (SP6-U4AstemI, SP6-U4AstemII, SP6-U4AstemII/2, SP6-U4A5' stem-loop) are stable under the conditions of in vitro reconstitution and bind Sm proteins with similar efficiencies. In contrast, the U4 derivative with a deletion of the entire 3' terminal domain including the Sm site (SP6-U4ASm), although stable under these conditions, did not reconstitute into a particle immunoprecipitable with anti-Sm antibodies. These data indicate that only the 3' terminal domain with the Sm binding site and none of the structural elements of the 5' terminal domain is essential for the association of Sm proteins with U4 snRNA.
To determine which U4 sequences are required for U4-U6 interaction, we tested wild-type U4 snRNA (SP6-U4) and all of our U4 derivatives for U4-U6 interaction under reconstitution conditions (Figure 3 ; compare 10% of total, lane T, with bound P-labeled SP6-U4 RNA and derivatives were reconstituted in the presence of biotinylated, unlabeled SP6-U6 RNA. U4-U6 interaction was assayed by affinity selection with streptavidin agarose followed by the release of bound material. For each U4 derivative 10% of the total reconstitution reaction (total RNA, lane T) and all of the bound material (pellet, lane P) are shown. In a control reaction, unbiotinylated SP6-U6 RNA and wild-type SP6-U4 RNA were used (lane control). M, 32 P-labeled pBR322/HpaII marker fragments.
pelleted material, lane P). The efficiency of U4-U6 interaction under these assay conditions is for wild-type U4 snRNA approximately 10 % (Figure 3, lane SP6-U4) . No RNA could be detected if unbiotinylated U6 RNA was used (Figure 3, lane   control) . Surprisingly, the Sm deletion derivative of U4 snRNA (SP6-U4ASm), which was unable to assemble an Sm core complex (see Figure 2 ), still associated with U6 snRNA at wildtype efficiency (Figure 3, lane vSm) . However, deletions within the 5' terminal domain behaved differently in U4-U6 interaction: Deleting the stem I of U4 snRNA reduced the ability to interact with U6 snRNA by about 50 % (Figure 3 , lane Asteml), and deleting the stem II (lane Astemll) or part of stem II (lane AstemII/2) completely abolished the U4-U6 interaction; in contrast, deleting the 5' stem-loop structure (lane v5' stem-loop) reproducibly enhanced the U4-U6 interaction at least twofold.
These results regarding the U4-U6 interaction agree with the current secondary structure model of how U4 and U6 snRNAs interact to form the so-called Y structure (30) . Both stem I and stem II are required for efficient U4-U6 interaction. In addition, our data indicate that the stem I and stem II regions may play different roles in the U4-U6 base pairing interaction and that this interaction is also influenced by the intramolecular 5' stem-loop structure of U4 snRNA.
The Sm domain of U4 snRNA is dispensable for spliceosome assembly
The unexpected result that a U4 derivative lacking a functional Sm binding site still efficiently associates with U6 snRNA (Figure 3 ; SP6-U6vSm) raised the question whether this mutant U4 snRNA proceeds through the subsequent steps of snRNP and spliceosome assembly. To demonstrate assembly of reconstituted mutant U4 snRNPs into splicing complexes we used an assay system previously developed to show functional reconstitution of wild-type U4/U6 snRNP (19) . ^P-labeled wild-type and mutant U4 snRNAs are reconstituted with SP6-U6 RNA and incubated with an unlabeled pre-mRNA substrate under the conditions of the in vitro pre-mRNA splicing reaction. Splicing complexes formed with reconstituted, 32 P-labeled snRNAs are then analyzed by native RNP gel electrophoresis (28) . Detection of ^P-labeled U4 snRNA in the B complex indicates functional spliceosome assembly with reconstituted snRNPs. To overcome difficulties of resolving B complexes from large, non-specific U4 snRNA complexes (data not shown) and to improve the sensitivity of this assay we fractionated the crude splicing reaction by glycerol gradient sedimentation before RNP gel analysis. In addition, the sedimentation behaviour provides a further criterion that complexes formed with reconstituted, 32 P-labeled snRNAs represent B splicing complexes. Glycerol gradient sedimentation clearly resolves the A and B complexes from each other ( Figure 4A , fractions 4-6 and 6-8, respectively) and from the very abundant non-specific U4 snRNA complexes ( Figure 4B-G, fractions 1 -4) . The slightly slower electrophoretic mobility of the A complex in the first three fractions is probably caused by the relatively high protein concentration near the top of the gradient ( Figure 4A , compare total reaction with fractions 1-3).
Wild-type U4 snRNA (SP6-U4), when reconstituted and assembled into splicing complexes in vitro, was clearly detected at the characteristic position of the B splicing complex ( Figure 4B , fractions [6] [7] [8] . The appearance of this complex depended on the addition of pre-mRNA substrate during spliceosome assembly ( Figure 4C ). Additional criteria for a complex of this electrophoretic mobility representing the B complex have previously been reported (19) . When we analyzed the Sm deletion derivative (SP6-U4ADSm), we found to our surprise that it was incorporated into B splicing complexes, although at lower efficiency than wild-type U4 snRNA ( Figure 4C, fractions 6-8) .
The lack of the core structure of U4 snRNP appears not to alter
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P-labeled SP6-U4 RNA and derivatives were reconstituted in the presence of unlabeled SP6-U6 RNA. Reconstituted U4/U6 snRNPs were concentrated, added back to nuclear extract, and in the presence of unlabeled prc-mRNA under splicing conditions assembled to splicing complexes. This reaction mixture was then fractionated by glycerol gradient sedimentation and the gradient fractions analyzed by native RNP gel electrophoresis. As a control for the fractionation of splicing complexes and to obtain a marker position for the B splicing complex, a splicing reaction containing significantly the mobility of the resulting spliceosome in this native RNP gel system nor its sedimentation behaviour in glycerol gradients (compare Figure 4B and C) . In sum, we conclude that the entire 3' terminal domain of U4 snRNA including the Sm binding site has no essential function in spliceosome assembly.
Structural elements of the 5' terminal domain of U4 snRNA are essential for spliceosome assembly Next we asked whether any structural elements located within the 5' terminal domain have essential functions during spliceosome assembly. The U4 snRNA derivatives carrying deletions within the 5' terminal domain and described above (SP6-U4AstemI, SP6-U4AstemII, SP6-U4Astemn/2, and SP6-U4A5' stem-loop; see Figure 5 for a summary) were reconstituted with SP6-U6 RNA and assembled into spliceosomes ( Figure 4D-G) . Figure 4D shows that the U4 derivative with a deletion of the 5' stem-loop region (SP6-U4A5' stem-loop) was not assembled into spliceosomes. Since this deletion resulted in an enhanced U4-U6 interaction (see Figure 3) , we conclude that the 5' stem-loop region is in fact essential for spliceosome assembly, at a stage subsequent to U4/U6 snRNP formation. To the right, the ability of the U4 RNA derivatives to bind Sm proteins and to interact with U6 RNA is summarized ( + , wild-type efficiency; + + , efficiency above wild-type levels; -, undetectabte level; see Figures 2 and 3) . The ability of the U4 RNA derivatives to assemble to spliceosomes is indicated as well (+, detectable; -, undetectable spliceosome assembly; see Figure 4 ).
The 5' stem-loop region separates two regions of U4 snRNA, stem I and stem n, that form U4-U6 intermolecular helices in the proposed secondary structure model (30) . None of the U4 derivatives with stem I and stem II deletions (SP6-U4AstemI, SP6-U4AstemII, and SP6-U4AstemII/2) resulted in detectable spliceosome assembly in our assay system ( Figure 4E , F, and G, respectively). Approximately the same amount of radioactivity was used in each of these reconstitution experiments and fractionated on the glycerol gradients, but less radioactivity can be detected on the RNP gels in the case of the SP6-U4AstemII and SP6-U4AstemII/2 mutant derivatives since they do not form a U4/U6 snRNP.
We conclude that the stem I deletion derivative (SP6-U4AstemI), although still forming a U4/U6 snRNP (see Figure 3 ), appears to be completely blocked at a subsequent step of assembly to spliceosomes. The deletion derivatives SP6-U4AstemII and SP6-U4AstemII/2 have previously been shown to be deficient in U4-U6 interaction (see Figure 3) . That they do not assemble to spliceosomes confirms the notion of the U4AJ6 snRNP being an obligatory intermediate in the assembly of spliceosomes. Therefore each of the structural elements making up the 5' terminal domain of U4 snRNA is in fact essential for spliceosome assembly. Spliceosome assembly of the 5' stem-loop and the stem I deletion derivatives (SP6-U4A5' stem-loop and SP6-U4AstemI) is blocked at a stage after U4-U6 interaction, suggesting a specific role of the stem I and the 5' stem-loop region in spliceosome assembly.
DISCUSSION
We have applied an in vitro reconstitution approach in combination with a mutational analysis to delineate functional domains of human U4 snRNA. Such an approach opens up the possibility to investigate biochemically the snRNA functions at each of the multiple steps of snRNP and spliceosome assembly and splicing. In contrast to in vivo studies, functional reconstitution of snRNPs does not require steps such as snRNA processing or snRNP transport. Since there is currently no mammalian system available to study the splicing function of reconstituted snRNPs, we restricted our analysis to the snRNP assembly steps leading to the incorporation of snRNPs into the spliceosome.
Studying snRNA deletion derivatives through reconstitution led us to the conclusion that individual structural elements of U4 snRNA play distinct roles in the assembly pathway. In summary, our results in conjunction with earlier studies on the function of the Sm binding site (see below) suggest that the U4 snRNA molecule can be divided into two functional halves: The 3' terminal and central domain containing the Sm binding site with snRNA maturation and snRNP transport functions, and the 5' terminal domain with U4-U6 interaction and spliceosome assembly functions.
First, we found that the entire 3' terminal and part of the central domain containing the Sm binding site (AU 5 G, nucleotides 119-125; see Figure 1 ) are dispensable for U4-U6 interaction and spliceosome assembly. Earlier studies on the U2 snRNP had demonstrated that the Sm binding site is required for cytoplasmic cap trimethylation and cytoplasmic-nuclear snRNP transport (31, 32) . The Sm binding site of the U4/U6 snRNP, which U4 snRNA provides, may perform an analogous function. In addition, for both the Ul snRNP (33, 34) and the U2 snRNP (31) a stabilizing function of the Sm proteins on the binding of specific snRNP proteins has been suggested. Similar reasons may cause the reduced efficiency of the Sm deletion derivative (SP6-U4ASm) in spliceosome assembly.
Second, our reconstitution studies suggest a functional subdivision of the 5' terminal domain. The stem I and stem II regions are required for efficient U4-U6 interaction, whilst the 5' stem-loop region is essential only at a subsequent stage of spliceosome assembly.
A role of the stem I and stem II regions in the U4-U6 interaction is consistent with our previous mutational analysis of U6 snRNA (15) . There we had demonstrated that both intact stem I and stem II regions of U6 snRNA are required for U4-U6 interaction. The apparent slight discrepancy that a deletion of the stem I region in U6 snRNA completely abolished U4-U6 interaction (15) , whereas the corresponding deletion in U4 snRNA only reduced U4-U6 interaction (this study), is most likely caused by the use of different assay conditions (data not shown). It is somewhat surprising, however, that both stem II deletion derivatives (SP6-U4AstemII and SP6-U4AstemII/2) completely failed to interact with U6 snRNA, whereas the stem I deletion derivative (SP6-U4AstemI) only reduced the U4-U6 interaction. Perhaps this finding points to differential functions of stem I and stem II, and that these regions may be involved not only in RNA-RNA base pairing. Anti-sense oligonucleotide binding experiments recently also led to the conclusion that not all of the base pairing region of U4 snRNA needs to be intact for the U4-U6 interaction (10) .
In contrast to the stem I and stem II regions, the 5' stem-loop region of U4 snRNA is not essential for U4-U6 interaction. The result that a deletion of this region enhances the U4-U6 interaction, suggests a destabilizing function of the 5' stem-loop. Previous studies have provided evidence that the U4-U6 interaction weakens during splicing (4, 8, 9) . The failure of the 5' stem-loop deletion derivative (SP6-U4A5' stem-loop) to assemble into spliceosomes strongly suggests that the 5' stemloop structure functions subsequent to the U4-U6 interaction. Potential functions include mediating the interaction between the U4/U6 and U5 snRNPs during the U4/U5/U6 multi-snRNP formation or, alternatively, mediating interactions of the U4/U5/U6 multi-snRNP with other spliceosomal components during spliceosome assembly or splicing. Consistent with such a proposed function is the high degree of structural conservation in the 5' stem-loop region. The RNA sequence is conserved only in a number of positions in the loop region, but not at all within the stem region (11) . Finally, in a previous study on the U4/U6 snRNP structure the loop region of the 5' stem-loop was found accessible to oligonucleotide-directed RNase H cleavage only after phenolization (35) , suggesting specific RNA-protein binding in this region. In yeast, a U4-specific protein has recently been identified (36, 37) and mapped to the 5' end of U4 snRNA (38) . Furthermore, a recent mutational analysis in yeast showed that the 5' stem-loop region of S.cerevisiae U4 snRNA is required for U4/U5/U6 multi-snRNP assembly (39) . Further studies are directed towards analyzing the functions of the 5' terminal domain of U4 snRNA during spliceosome assembly and pre-mRNA splicing.
